Regional cerebral blood flow (BF) was examined in regions of the medial prefrontal cortex (MPFC) with positron-emission tomography while subjects performed two cognitive tasks, reading nouns aloud and generating appropriate verbs for the same nouns. The control task was passive viewing of the same words. BF was reduced in regions of the MPFC during word reading and naïve verb generation, relative to a control state in which the subjects passively viewed nouns. Practicing verb generation produced improved performance, as measured by response time, which was strongly correlated with further reductions in MPFC and hypothalamic BF. After practice, when verb generation was performed on a novel list of words, reaction times slowed and the pattern of MPFC BF reverted to that seen in the word reading and naïve conditions. A separate behavioral study of the verb-generation task indicated that anxiety, high during naïve use-generation as measured by heart rate and self-report, decreased with practice on the task but returned with the introduction of a novel list of words. Taken together, these results suggest that the MPFC is part of a network, including the hypothalamus and brainstem, whose activity reflects a dynamic interplay between cognitive task performance and emotion.
Regional cerebral blood flow (BF) was examined in regions of the medial prefrontal cortex (MPFC) with positron-emission tomography while subjects performed two cognitive tasks, reading nouns aloud and generating appropriate verbs for the same nouns. The control task was passive viewing of the same words. BF was reduced in regions of the MPFC during word reading and naïve verb generation, relative to a control state in which the subjects passively viewed nouns. Practicing verb generation produced improved performance, as measured by response time, which was strongly correlated with further reductions in MPFC and hypothalamic BF. After practice, when verb generation was performed on a novel list of words, reaction times slowed and the pattern of MPFC BF reverted to that seen in the word reading and naïve conditions. A separate behavioral study of the verb-generation task indicated that anxiety, high during naïve use-generation as measured by heart rate and self-report, decreased with practice on the task but returned with the introduction of a novel list of words. Taken together, these results suggest that the MPFC is part of a network, including the hypothalamus and brainstem, whose activity reflects a dynamic interplay between cognitive task performance and emotion. I t has long been recognized that cognitive and emotional processes are closely intertwined. Cognitive activity can attenuate emotional states and conversely, emotional and motivational factors can significantly affect cognitive performance. Although the existence of an interrelationship between cognition and emotion is intuitively appealing, because it seems to commonly manifest itself in human behavior, few empirical data exist to characterize its neural basis.
Traditionally, data have been sought in patients with brain injury, beginning with the landmark case of Phineas Gage who suffered a personality-changing injury to the orbital and medial prefrontal cortex (PFC) (1) (2) (3) (4) . Work on Gage and similar patients (5-7) has reenforced the belief that orbital and medial prefrontal cortices may play an important role in the interaction between cognition and emotion in the normal human brain.
Anatomically, the ventral medial prefrontal cortex (MPFC) is composed of cytoarchitectonically discrete areas that receive a wide range of sensory information from the body and the external environment via the orbital PFC (8) (9) (10) and are heavily interconnected with limbic structures such as the amygdala, ventral striatum, hypothalamus, midbrain periaquaductal gray region, and brainstem autonomic nuclei (11) (12) (13) (14) (15) (16) (17) . It has been proposed that the MPFC plays a role in the integration of emotional and cognitive processes by incorporating emotional biasing signals or markers into decision-making processes (3, 18) .
In contradistinction to the ventral MPFC and its association with emotional processing, the dorsal MPFC, composed of the anterior cingulate cortex (ACC) and adjacent areas, has been identified primarily with cognitive activity (19) (20) (21) (22) (23) . However, a clean separation of functions relating to cognition (dorsal MPFC) and emotion (ventral MPFC) is probably an oversimplification (24) . Rather, there likely exists a dynamic interplay between cognition and emotion within the MPFC as posited by us (25) and others (26, 27) . This hypothesis receives support from the observation that in areas implicated in emotional processing, such as the amygdala and a variety of areas within ventral MPFC, blood flow (BF) decreases during the performance of attentionally demanding cognitive tasks. This was dramatically revealed in a large meta analysis of nine different cognitive tasks performed by Shulman and colleagues (28) . In many of these same MPFC areas, BF may increase when experimental manipulations explicitly elicit emotional responses in subjects (29) (30) (31) (32) (33) (34) .
Conversely, in more dorsal areas of the PFC that appear to serve cognitive functions, such as the anterior cingulate and the dorsolateral PFC, BF increases while performing attentionally demanding cognitive tasks, but may decrease during some experimentally induced and pathological emotional states (25, 35) .
One of the studies in the meta analysis mentioned above (28), generating verbs aloud for visually presented nouns (19, 36, 37) , included a practice component. Familiarization with a difficult task likely reduces anxiety associated with task performance. Thus, this experiment (37) afforded us the potential opportunity to manipulate through practice both the attentional demands of the cognitive task and the emotional state within the same subject. Because the original positron-emission tomography (PET) experiment did not directly address the question of performance anxiety, an additional behavioral study, not associated with imaging, was performed in which subject anxiety was examined via self-report and physiological monitoring.
A preliminary report of the PET data has been presented in abstract form.
versity (43) (44) (45) (46) . The scanning procedure for these subjects has been described in detail (37) .
Task description and monitoring. A Macintosh IIx computer system was used to control stimulus display and data acquisition. During all scans, subjects were instructed to fixate on a small crosshair presented in the center of a computer monitor suspended about 30 cm from the subject's head. For each scan, the stimuli consisted of words from one of two lists of 40 highfrequency concrete English words (more than five occurrences per million words; ref. 47 ) that were displayed just below the fixation point and subtended a visual angle of Ϸ0.8°per letter. The words were presented in random order at a rate of one every 1.5 s and were displayed for 150 ms.
An electronic circuit (a voice key) gated by the amplitude of microphone input was used to measure voice onset times for verbally produced responses. Responses were also recorded onto one track of a cassette tape, and a brief tone (inaudible to the subjects) synchronized to the onset of stimulus presentation was recorded on the second track of the cassette tape. In a few instances in which the response was not loud enough to trigger the voice key, reaction times were obtained by digitizing the taped responses and calculating the latencies between the tone and response onsets by using commercially available digitizing software (MACRECORDER, Farallon Computing, San Leandro, CA).
A total of eight PET scans were performed on each subject. A complete description of the scanning protocol has been published (37) . During all scans, subjects were instructed to fixate on the crosshair. In the first scan, subjects viewed the nouns on one of the two lists passively. In the second scan, subjects read the same nouns aloud. During the third scan (naïve verb generate), subjects were instructed to produce an action word that described what the presented noun might do, or what it might be used for.
After the third scan, subjects performed the verb generate task for eight more blocks (a block equals one complete presentation of a 40-word list) with the same set of nouns, for a total of 11 blocks of the same list (i.e., one passive, one repeat, and nine verb generate blocks). During these eight additional practice blocks, the instructions were repeated between each block and the importance of speed stressed (subjects were told to come up with whatever verb response was fastest and easiest for them). The subject remained in position in the scanner during the practice period (10-15 min).
After the practice blocks, subjects were scanned a fourth time. In this fourth scan, the same list of words was presented and subjects again produced appropriate verbs (practiced verb generate). In the fifth scan, subjects again read nouns from the same list and in the sixth scan, the list was presented again passively. For the seventh scan, a novel list was introduced, and subjects again generated appropriate verbs for the presented nouns. In the eighth and final scan, subjects read the words of this novel list aloud.
The following comparisons were analyzed: (i) reading nouns minus passive viewing; (ii) naïve verb generate minus passive viewing; (iii) practiced verb generate minus passive viewing; (iv) novel verb generate minus passive viewing; (v) practiced minus naïve verb generate; and (vi) practiced minus novel verb generate.
Data analysis: Performance. Median response times were calculated for each trial of the verb generation and noun-repetition tasks. Repeated-measures ANOVA were performed to assess significance across blocks (SuperANOVA, Abacus Concepts, Berkeley, CA). Post hoc comparisons were performed by using paired t tests.
Data analysis: PET. Spherical regions of interest (ROI) were defined by using the coordinates of three MPFC BF decreases listed in Table 1 of the meta analysis reported by Shulman and colleagues (28) . These ROIs will be referred to by the Brodmann area (BA) originally assigned to them by Shulman and colleagues: BA 8͞9 located at x ϭ 5, y ϭ 49, z ϭ 36; BA 10 located at x ϭ Ϫ1, y ϭ 47, z ϭ Ϫ4; and BA 32 located at x ϭ 3, y ϭ 31, z ϭ Ϫ10. The locations of these ROIs are shown in Fig. 1 . We used these ROIs to assess BF change for each of the comparisons mentioned above. BA 32 undoubtedly includes elements of BA 24 and 25, reflecting the very approximate nature of these original designations.
Repeated-measures ANOVA were performed to assess the significance of changes across the active conditions (reading plus naïve, practiced, and novel verb generate) relative to the baseline of passive viewing of nouns. Post hoc comparisons were performed by using paired t tests.
To determine whether BF in other brain regions was correlated with changes in MPFC, a voxel-by-voxel correlation approach was used.
Behavioral Experiment. Fifteen volunteers (four female; mean age 25.3 years) performed the verb-generate task, by using the same lists and stimulus presentation parameters as described above, in a behavioral testing environment outside of the PET scanner. Subjects sat in a chair facing a computer monitor and read 40 words aloud, then performed the verb generate task on the same list 10 times. Finally, they performed the verb generate task on a novel list of words. The words in both lists were the same as those used in the PET experiment. Reaction time was recorded as described above. For seven subjects (two female), heart rate was monitored throughout task performance by using a portable electrocardiogram device (LifePak 7, Physio-Control, Redmond, WA). At the conclusion of each block, subjects rated their level of anxiety during the task by using a 10-point visual analog scale, where zero indicated no anxiety or discomfort and 10 indicated extreme anxiety or discomfort. Fractional values were determined to the nearest one-quarter point. Heart rate in beats͞min was determined over six 10-s bins for each block by counting the number of QRS complexes recorded on the electrocardiogram paper strip. Because no significant differences in heart rate within 1-min blocks were detected, heart rate was averaged across the six 10-s bins for each block. Because of technical problems, no reaction time data were recorded for one subject, and two subjects did not complete a novel verb generate block.
Results

PET Experiment. Task performance.
Comparison of median response times (i.e., voice onset latencies) for the naïve, practiced, and novel blocks showed a significant effect of practice [F (2, 11) ϭ 31.62 and P Ͻ 0.0001] (Fig. 1 A) . Specific comparisons showed a significant difference between the naïve and practiced conditions (t ϭ 7.34, d.f. ϭ 11, and P Ͻ 0.0001) and between the practiced and novel conditions (t ϭ 6.32 and P Ͻ 0.001) but not between the naïve and novel conditions (t ϭ 1.03 and P Ͼ 0.3).
Brain BF. All three regions under consideration exhibited a main effect of task (i.e., verb generation compared with passive noun viewing). A significant effect of condition, however, was only observed for BA 8͞9 [F (3,11) ϭ 5.79 and P Ͻ 0.005] and BA 32 (F ϭ 6.32 and P Ͻ 0.005) ROIs. Post hoc comparisons indicated that in BA R8͞9, the practiced condition produced a significantly larger BF decrease than the read (t ϭ 4.53 and P Ͻ 0.001), naïve (t ϭ 3.69 and P Ͻ 0.005), or novel (t ϭ 3.06 and P ϭ 0.01) conditions. For BA 32, the practiced condition produced a significantly larger BF Coordinates are in the space of Talairach and Tournoux (48) . The coordinates of the Brodmann area used as a basis for this correlation analysis were 3, 31, Ϫ10 and come from the work of Shulman and colleagues (28) (see text and Fig. 1 for further details) . BA refers to the approximate Brodmann area.
decrease than the read (t ϭ 3.00 and P ϭ 0.01) and novel (t ϭ 3.45 and P ϭ 0.005) conditions and a marginal decrease over the naïve condition (t ϭ 1.98 and P ϭ 0.057). The BF changes in the three regions are summarized in Fig. 2 .
Because of the marginal difference in effect produced by the naïve and practiced conditions on area BA 32, we compared the difference between the practice and naïve condition for each subject as a function of their improvement in performance on the generate task. This comparison revealed that BF change for each subject in BA 32 was significantly correlated with improvement in performance on the verb generate task with practice, as measured by change in mean response time (r ϭ Ϫ0.86 and P Ͻ 0.0005) (Fig. 3) . No correlation between response time increase and BF increase with the introduction of a novel list of words was found. Nor was there any correlation between activity change and performance change in either BA 8͞9 or BA 10 for the practiced relative to the naïve or novel conditions.
Because of the significant correlation between practiceinduced performance change and BF in BA 32, a correlation analysis was performed by using the practiced minus naïve value in this region as the dependent variable. With this analysis, we hoped to determine whether BA 32 was unique in its relationship to behavior or was acting in concert with other areas. Two areas of significant correlation were found in the MPFC and one in the hypothalamus ( Table 1 ). The two areas in the MPFC were within 1 and 2 cm (vector distance), respectively, of BA 8͞9 used in our primary analysis (see Materials and Methods).
Finally, as originally reported by Shulman and colleagues (28), the naïve performance of the verb generate task resulted in a significant decrease in the activity of the right amygdala (stereotaxic coordinates: 21, Ϫ9, Ϫ18) when compared with passive viewing of words. A detectable but not significant decrease was also reported in the left amygdala (stereotaxic coordinates: Ϫ21, 9, Ϫ22). We examined the effect of practice on the activity in both amygdala regions. Both decreased further as the result of practice but this only achieved statistical significance on the left (paired t test; t ϭ 2.515 and P ϭ 0.0287). Thus, in the practiced state, activity in both amygdalae were reduced significantly below their baseline level.
Behavioral Study. As originally reported (ref. 37 ; see also Fig. 1 A) , comparison of median response times for the naïve, practiced, and novel blocks showed a significant effect of practice [ Fig. 1B , F (2,11) ϭ 9.37 and P ϭ 0.001]. Anxiety, as measured by self-ratings (Fig. 1C ) and heart rate ( Fig. 1D) , was low during word reading, increased during the first verb generate block, and reduced after practice [visual analog scale, F (2,14) ϭ 8.94 and P Ͻ 0.0001; heart rate, F (2,6) ϭ 2.95 and P Ͻ 0.005]. Post hoc comparisons indicated that the visual analog scale rating was significantly higher for the first verb generation block than for reading (t ϭ 3.37, d.f. ϭ 13, and P Ͻ 0.005) or for the final practiced block (t ϭ 3.92 and P Ͻ 0.001). The visual analog scale rating was also higher for the novel verb generation block than for the final practiced block (t ϭ 3.41, d.f. ϭ 11, and P Ͻ 0.005). Post hoc comparisons for heart rate indicated that heart rate was significantly higher for the first verb generation block than for reading (t ϭ 2.34, d.f. ϭ 6, and P ϭ 0.03) with a marginally significant increase for the first verb generation block compared with the final practiced block (t ϭ 1.87 and P Ͻ 0.056).
Discussion
Our functional imaging results are generally consistent with a large body of PET and functional MRI brain imaging data showing that MPFC activity is suppressed during attentiondemanding cognitive task performance. However, our results simply do not follow from these earlier data (25) . Thus, one might reasonably have expected that the naïve and novel verb generation conditions should have resulted in much larger reductions in MPFC than the read and practiced conditions. This prediction is based on the attentional demands (i.e., difficulty as reflected in the reaction time) of each task: least in word reading, most in naïve and novel verb generation, and intermediate in practiced verb generation. However, in the two areas in which change occurred as a function of task (BA 8͞9 and BA 32), this was not observed. The changes were more nearly the same for the read, naïve, and novel conditions and less than those observed in the practiced condition. Our behavioral data provide a possible explanation. Performance anxiety, documented by self-report and changes in heart rate, was elevated in the cognitively demanding parts of the experiment (i.e., naïve and novel verb generation) and much lower if present at all in word reading and practiced verb generation. Thus, practiced verb generation, and to a lesser extent, word reading, give the only unfettered view of attention-demanding cognitive activity on MPFC activity. This view is consistent with the hypothesis that the more difficult, attention-demanding cognitive activity of practiced verb generation, in the absence of anxiety, differentially suppresses activity in MPFC compared with word reading. Whereas naïve and novel verb generation differ even more strikingly from word reading in their attentional demands than does practiced verb generation, they are associated with performance anxiety whereas wording reading and practiced verb generation are not (Fig. 2) . The prediction, based on our earlier review of the literature (25) , is that, in isolation, performance anxiety might actually elevate activity in some of the limbic areas of MPFC frequently suppressed during cognitive activity.
In our results, the BF changes in BA 32, an area in ventral MPFC probably encompassing BA 24 and 25 (see Materials and Methods) and often referred to as the subgenual PFC, was of special interest for two reasons. First, the BF changes in this area were correlated with practiced-induced improvement in reaction time (i.e., voice onset latency). As our behavioral results indicate (Fig. 2) , practice-induced improvement in response time was associated with a significant decline in the level of performance anxiety. Thus, by implication, this area may be associated with the level of performance anxiety experienced by our subjects. Second, the changes in BA 32 were correlated with three additional areas (Table 1) , two in the more dorsal MPFC and one in the hypothalamus. Responses in this more dorsal, anterior region of MPFC have been specifically associated with the experiential aspects of emotion (31, 33, 34) .
Correlated changes in the hypothalamus are consistent with anatomical studies in nonhuman primates (11, 12) , suggesting that areas within the subgenual PFC integrate information from other areas of medial and orbital PFC with structures such as the amygdala, hypothalamus, and the midbrain periaqueductal gray. These observations strengthen our belief that the changes we observe may be related to the change in performance anxiety. Taken together, our imaging and behavioral results are consistent with the existence of a network of regions within the circuitry of the MPFC, possibly including the hypothalamus and brainstem (see accompanying paper; ref. 38) , which reflects the level of anxiety in our normal subjects during the performance of an attention-demanding cognitive task.
From this analysis, we are led to the hypothesis that the changes in MPFC we observed represent an interaction between attention-demanding cognitive activity and performance anxiety. Lacking in this formulation, of course, is direct knowledge of exactly what changes in BF in MPFC might occur with anxiety. In the accompanying paper (38), we examine this question more directly.
It is noteworthy that few, if any, examples of the changes we observe have been reported in neurophysiological studies of awake behaving nonhuman primates. Our results, whereas not providing a definitive explanation for this apparent discrepancy, do offer a testable hypothesis. We suggest that the difference may lie in the level of attention usually required of awake, behaving, nonhuman primates during control states such as visual fixation. Only strict compliance is rewarded. As a result, one would anticipate a reduction in activity in MPFC during the control state. On the other hand, humans rest quietly with eyes closed or while maintaining visual fixation with little effort and certainly without the inducement of a reward for compliance or the fear of not receiving a reward for failure to comply. Not surprisingly to us, therefore, humans exhibit no reductions in activity in the MPFC or elsewhere during these control states.
Finally, it is good to keep in mind that performance anxiety is a likely accompaniment of most demanding cognitive tasks conducted in a laboratory or imaging setting no matter how emotionally impoverished they might superficially appear. This is particularly true, as our data show, when the tasks are performed without prior experience. As a consequence, areas of the brain concerned with emotion will change in concert with those more directly concerned with the cognitive aspects of the tasks.
